Abstract: Fiber-reinforced polymer (FRP) has been increasingly applied to steel structures for structural strengthening or crack repair, given its high strength-to-weight ratio and high stiffness-to-weight ratio. Cracks in steel structures are the dominant hidden threats to structural safety. However, it is difficult to monitor structural cracks under FRP coverage and there is little related research. In this paper, a crack monitoring method for an FRP-strengthened steel structure deploying a microstrip antenna sensor is presented. A theoretical model of the dual-substrate antenna sensor with FRP is established and the sensitivity of crack monitoring is studied. The effects of the weak conductivity of carbon fiber reinforced polymers (CFRPs) on the performance of crack monitoring are analyzed via contrast experiments. The effects of FRP thickness on the performance of the antenna sensor are studied. The influence of structural strain on crack detection coupling is studied through strain-crack coupling experiments. The results indicate that the antenna sensor can detect cracks in steel structures covered by FRP (including CFRP). FRP thickness affects the antenna sensor's performance significantly, while the effects of strain can be ignored. The results provide a new approach for crack monitoring of FRP-strengthened steel structures with extensive application prospects.
Introduction
Fiber-reinforced polymers (FRPs) are widely used in applications including aerospace engineering, bridge fabrication, construction engineering and marine engineering because of their numerous advantages, such as their light weight and high strength, and FRPs have great potential for use in structural manufacturing and reinforcement [1] [2] [3] [4] . Jiang et al. [5] studied an impact detection system based on a fiber Bragg grating (FBG) sensor array and multiple signal classification (MUSIC) algorithm to determine the location and the number of low velocity impacts on a carbon-fiber-reinforced polymer plate. In long-term service, cracks will inevitably appear on steel structures that have been strengthened using FRPs under the influence of external loading and the usage environment [6, 7] . Colombi et al. [8] investigated fatigue crack growth in steel beams that were strengthened using carbon-fiber-reinforced polymers. Yu et al. [9] presented a numerical study of the effects of the degree of initial damage, the bond configuration and the crack type on the fatigue behavior of retrofitted specimens using the boundary element method. The accumulated damage in these structures would affect structural safety and could have disastrous consequences. Therefore, effective monitoring of cracks under FRP reinforcement is significant in order to understand the failure mechanisms of FRP-strengthened steel structures and ultimately maintain their safety.
However, the bonding of FRP materials means that it is difficult to detect concealed crack growth due to fatigue loading using common inspection methods. The main difficulty in monitoring cracks in FRP-strengthened steel structures is that the cracks are covered by the anisotropic FRP layer. There are few literature references on crack propagation monitoring of FRP-strengthened steel structures based on eddy current testing (ECT). Li et al. [10] showed that eddy current pulsed thermography (ECPT) could be used to detect impact damage on FRP-strengthened steel structures. Yikuan et al. [11] used Lamb waves to monitor fatigue crack propagation and detect fatigue crack initiation in FRP-strengthened steel plates. Ma et al. [12] found that acoustic emission (AE) techniques were effective in revealing crack processes in FRP-strengthened reinforced concrete (RC) columns. However, these methods have limitations when applied to the quantitative research on crack detection. In addition, the methods are expensive to implement on a large scale because of the associated labor and wiring costs, and they are generally range-limited because of their power requirements. Based on previous investigations of antenna sensors, this paper proposes a new type of dual-substrate antenna sensor to realize passive and wireless monitoring of cracks on FRP-strengthened steel structures.
Referring to studies of crack detection using antenna sensors, Deshmukh et al. [13] first proposed a surface crack detection method for use on metallic surfaces that used a rectangular microstrip patch antenna. Their results indicated that the resonant frequency of the antenna decreased with increasing crack length. The crack detection sensitivity was 29.6 MHz/mm, and the antenna was able to detect crack propagation with sub-millimeter resolution. Mohammad and Huang [14] investigated fatigue crack length measurements using a patch antenna sensor and analyzed the influence of the crack closure effect. Mohammad and Gowda [15] studied the crack orientation detection capabilities of antenna sensors by measuring the resonant frequencies f 10 and f 01 in two directions. In their paper, a rough crack direction identification method was proposed that extended the application range of patch antenna sensors in crack detection. Cook et al. [16] investigated the effects of nonlinear crack shapes on the parallel and perpendicular resonant modes of a patch antenna, and these effects were quantified through simulations and measurements. Yi et al. [17] designed a slotted patch antenna sensor and applied it to fatigue crack detection; the results showed that the resonant frequency decreased with increasing strain. Liu et al. [18] studied the mechanism of crack detection when using a patch antenna sensor based on meander technology, analyzed the effects of cracks on the current distribution, and discussed a method of oblique crack identification based on the relative resonant frequency variation.
In the method of making cracks on specimens, Liu et al. [18] made straight cracks of 0.5 mm width parallel to the length direction of the patch on the central line of the floor. Deshmukh et al. [13] designed and machined a compact tension (CT) specimen according to American Society for Testing and Materials (ASTM) standards (E647-00). A small groove is fabricated at the edge of the floor, and a nearly straight-line crack is produced by fatigue test. Cook et al. [12] made nonlinear wedge cracks at the edge of the floor.
In antenna sensor substrate research, Yi and Wang [19] investigated the strain testing performances of patch sensors with different substrate thicknesses; the strain transmission efficiencies of antenna sensors with substrate thicknesses of 0.79 mm and 1.58 mm were obtained, while the effects of substrate thickness on strain testing linearity and wireless access distance were also analyzed. Yi and Vyas [20] studied the influence of temperature on the relative dielectric constant of a substrate, and the effects of temperature changes in Rogers 6202 and Rogers 5880 materials on the strain test results from their sensors were compared. Wang et al. [21] found that as the edge effect became more obvious with increasing substrate thickness, the resonant frequency could be affected; however, the edge effect of the microstrip antenna sensor could only be neglected if the substrate thickness was much smaller than the width of the patch antenna sensor structure.
In conclusion, fatigue crack monitoring using antenna sensors offers the advantages of passive and wireless measurements. The existing research is mainly aimed at metal materials. The crack detection sensitivity, identification of the crack direction and the effects of the thickness of a single (relatively thin) substrate on test performance have been studied. However, for the crack monitoring of steel plates that have been covered by FRP, there has been little research on the crack monitoring performance of antenna sensors with multilayer substrates and there have also been few studies on the effects of the substrate properties, e.g., weak conductivity and thickness, on crack monitoring performance.
In this paper, a crack monitoring method using a dual-substrate antenna sensor is proposed for crack damage measurement on FRP-strengthened steel structures. The anisotropic FRP layer is regarded as the second external substrate layer of the antenna sensor. In Section 2, we propose a fundamental resonant frequency analytical model for the proposed dual-substrate antenna sensor based on conformal mapping, transmission lines and cavity model methods. The establishment of a suitable model and related settings for numerical studies are described in Section 3. The crack monitoring sensitivity for FRP-strengthened steel structures when using the proposed antenna sensor is presented in Section 4. Section 5 provides an analysis of the effects of the properties of the FRP on crack monitoring performance, and the work includes: (i) use of comparison experiments to analyze the crack detection performance when a carbon fiber reinforced polymer (CFRP) with weak conductivity is regarded as a substrate; (ii) study of the influence of FRP thickness on the crack detection performance of the antenna sensor. In Section 6, strain and crack coupling experiments are used to analyze the effects of structural strain on crack detection performance.
Crack Monitoring Mechanism of Dual-Substrate Antenna Sensor
To monitor cracking in an FRP-strengthened steel structure, an antenna sensor without a ground plane is arranged on the top surface of the FRP layer, and a dual-substrate antenna sensor model composed of four "steel plate-FRP-substrate-patch" layers is fabricated. Figure 1 shows the cross-section of the dual-substrate antenna sensor, where L and W are the length and width of the patch, respectively; ε 1 and ε 2 are the relative dielectric constants of the FRP and the substrate, respectively; h 1 and h 2 denote the thicknesses of the FRP layer and the substrate, respectively; and h 12 is the distance from the ground plane surface to the substrate surface. (relatively thin) substrate on test performance have been studied. However, for the crack monitoring of steel plates that have been covered by FRP, there has been little research on the crack monitoring performance of antenna sensors with multilayer substrates and there have also been few studies on the effects of the substrate properties, e.g., weak conductivity and thickness, on crack monitoring performance.
To monitor cracking in an FRP-strengthened steel structure, an antenna sensor without a ground plane is arranged on the top surface of the FRP layer, and a dual-substrate antenna sensor model composed of four "steel plate-FRP-substrate-patch" layers is fabricated. Figure 1 shows the crosssection of the dual-substrate antenna sensor, where L and W are the length and width of the patch, respectively; 1  and 2  are the relative dielectric constants of the FRP and the substrate, respectively; h1 and h2 denote the thicknesses of the FRP layer and the substrate, respectively; and h12 is the distance from the ground plane surface to the substrate surface. Based on a transmission line model, the formula used to calculate the resonant frequency of the dual-substrate antenna sensor is given as
where c is the speed of light in free space, and the expressions for the effective dielectric constant Based on a transmission line model, the formula used to calculate the resonant frequency of the dual-substrate antenna sensor is given as
where c is the speed of light in free space, and the expressions for the effective dielectric constant ε r,e f f and the additional electrical length due to the fringing effect represented by ∆L are respectively presented as 
Here, q 1 and q 2 are the effective filling factors. Based on the conformal mapping theory of a microstrip antenna, the effective filling factors are calculated as follows [22] : 
The expression used by Wheeler [23] to evaluate the effective line width W e is given as:
Where, the effective filling factor q 1 and q 2 is introduced to determine the fundamental resonant frequency of the crack in an FRP-strengthened steel structure that is detected using the dual-substrate antenna sensor. The effective line width W e can be obtained based on a combination of the total thickness of the dual-substrate antenna and the patch width. The effective filling factor can then be calculated using the thicknesses of the dielectric layers, including the FRP and the substrate, along with the effective line width. The effective dielectric constant is characterized using the relative dielectric constant and the effective filling factor for each dielectric layer, and thus the additional electrical length is affected. This paper presents a method based on antenna sensors for crack monitoring in FRP-strengthened steel structures. By inputting the relative dielectric constants and thicknesses of the dielectric layers, such as the FRP and the substrate, the fundamental resonant frequency of the dual-substrate antenna sensor can then be obtained.
When a crack appears or propagates on the ground plane, the current on the ground plane surface will be forced to flow around the crack tip, which will increase the antenna current path and thus reduce the resonant frequency. A crack that is perpendicular to the length of the patch only disturbs the current path of the TM 10 mode and reduces the resonant frequency f 10 , and has no influence on the TM 01 mode and f 01 . Therefore, the crack length can be identified quantitatively based on the resonant frequency offset.
Numerical Investigation
The antenna design was simulated using the commercial electromagnetic simulation software HFSS TM , and the crack monitoring model of the dual-substrate antenna is shown in Figure 2 . An antenna sensor without a ground plane is arranged on the top surface of the FRP to form a dual-substrate antenna sensor with four "steel plate-FRP-substrate-patch" layers.
A Q235 steel plate was selected as the ground plane material. The patch was made from copper and the substrate was made from FR-4, while a glass fiber reinforced polymer (GFRP) with excellent mechanical properties was also chosen. The geometrical dimensions and the material properties of each layer are shown in Table 1 . In the numerical model, the distance between the radiation air cavity and the antenna sensor is more than one fourth of the wavelength of the unsolved resonant frequency. A second-order cardinal number is chosen as the basis function for the finite element algorithm, and the mesh iteration time and the convergence accuracy are set.
The echo loss curve S11 is extracted, and the resonant frequency of the dual-substrate antenna sensor is obtained. The effects of the crack length on the S11 parameters of the patch antenna are shown in Figure 3 . 
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The echo loss curve S 11 is extracted, and the resonant frequency of the dual-substrate antenna sensor is obtained. The effects of the crack length on the S 11 parameters of the patch antenna are shown in Figure 3 . In the numerical model, the distance between the radiation air cavity and the antenna sensor is more than one fourth of the wavelength of the unsolved resonant frequency. A second-order cardinal number is chosen as the basis function for the finite element algorithm, and the mesh iteration time and the convergence accuracy are set.
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Sensitivity Analysis
An antenna sensor with a two-layer "substrate-patch" structure without a ground plane is designed to validate the simulation results. The substrate and the patch are composed of FR-4 composite (supplied by Huayi Plastic Materials, Shenzhen, China) and copper, respectively, and the two are integrated using etching techniques. Figure 4 shows a sample production process, including (a) seven steel plates with crack lengths that differ with a step size of 4 mm; (b) cracked steel plates when strengthened by GFRP layers; (c) use of epoxy resin AB glue (supplied by Shenneng Adhesives Wholesale, Jinhua, China) to bond the antenna sensor on the GFRP surface and constitute a series of specimens denoted by M 1 -M 7 , with crack lengths of 4 mm, 8 mm, 12 mm, 16 mm, 20 mm, 24 mm, and 28 mm, respectively. A through crack with 0.5 mm width was cut by EDM (electrical discharge machining) for specimens M 1 to M 7 with a 0.002 mm machining accuracy. A vector network analyzer (VNA) is used to measure the resonant frequency of the antenna sensor, and the results are compared with those of the simulations, as shown in Figure 5 . Every data point in Figure 5 is an average of three measurements. The figure shows that the experimental results show good agreement with the simulation results. When the crack length increases, the resonant frequency of the antenna sensor then decreases, but the resonant frequency offset increases with increasing crack length. When the crack length is small (i.e., less than the width of the patch by one third), the resonant frequency offset is not obvious; however, when the crack is longer, the resonant frequency offset increases significantly. With increasing crack length, the slope of the resonant frequency vs. crack length curve gradually increases, while the sensitivity of the antenna sensor also increases. The curves for the experimental data and the simulation data are both fitted in the figure above. The results show that the resonant A vector network analyzer (VNA) is used to measure the resonant frequency of the antenna sensor, and the results are compared with those of the simulations, as shown in Figure 5 . Every data point in Figure 5 is an average of three measurements. A vector network analyzer (VNA) is used to measure the resonant frequency of the antenna sensor, and the results are compared with those of the simulations, as shown in Figure 5 . Every data point in Figure 5 is an average of three measurements. The figure shows that the experimental results show good agreement with the simulation results. When the crack length increases, the resonant frequency of the antenna sensor then decreases, but the resonant frequency offset increases with increasing crack length. When the crack length is small (i.e., less than the width of the patch by one third), the resonant frequency offset is not obvious; however, when the crack is longer, the resonant frequency offset increases significantly. With increasing crack length, the slope of the resonant frequency vs. crack length curve gradually increases, while the sensitivity of the antenna sensor also increases. The curves for the experimental data and the simulation data are both fitted in the figure above. The results show that the resonant The figure shows that the experimental results show good agreement with the simulation results. When the crack length increases, the resonant frequency of the antenna sensor then decreases, but the resonant frequency offset increases with increasing crack length. When the crack length is small (i.e., less than the width of the patch by one third), the resonant frequency offset is not obvious; however, when the crack is longer, the resonant frequency offset increases significantly. With increasing crack length, the slope of the resonant frequency vs. crack length curve gradually increases, while the sensitivity of the antenna sensor also increases. The curves for the experimental data and the simulation data are both fitted in the figure above. The results show that the resonant frequency of the antenna sensor has a parabolic relationship with the crack length, and this is identical to the conclusion given in the literature [24] .
In Figure 5 , there is a discrepancy between experiment results and simulation results. The resonant frequencies obtained by the experiments are larger than those obtained by simulation. The reason for this might be the mismachining tolerance of the stability of the Sub-Miniature-A (SMA) joint, the thickness of the glue, the manufacturing tolerance of the antenna sensor and cracks. Table 2 gives the sensitivity values for the antenna sensor that were obtained from the resonant frequency vs. crack length relationship curve based on Figure 5 . As shown above, with increasing crack length, the sensitivity of the antenna sensor gradually increases, and this indicates that the antenna sensor is more sensitive for the identification of long cracks. When the crack length is 28 mm, the sensitivity values from the simulations and the tests are 29.37 MHz/mm and 24.12 MHz/mm, respectively. This shows that cracks in a steel structure with GFRP reinforcement can be detected using the antenna sensor with the sensitivity reported in [9] . The sensitivity errors in the numerical and experimental studies mainly originate in the antenna sensor manufacturing process, the welding performance of the feeders, and the crack machining accuracy. After a preliminary calibration process, the effects of these errors on the actual crack detection process are fairly small.
The Sensitivity of Small Scale Crack Length
In order to further discuss the sensitivity of small scale crack length, a numerical simulation is adopted. The geometrical dimensions of the antenna sensors and material properties are set as the same with those in Table 1 ; the crack step length is 0.5 mm and the crack length variation range is from 0 mm to 4 mm. Figure 6 represents the offset of resonant frequency under small scale variation. frequency of the antenna sensor has a parabolic relationship with the crack length, and this is identical to the conclusion given in the literature [24] . In Figure 5 , there is a discrepancy between experiment results and simulation results. The resonant frequencies obtained by the experiments are larger than those obtained by simulation. The reason for this might be the mismachining tolerance of the stability of the Sub-Miniature-A (SMA) joint, the thickness of the glue, the manufacturing tolerance of the antenna sensor and cracks. Table 2 gives the sensitivity values for the antenna sensor that were obtained from the resonant frequency vs. crack length relationship curve based on Figure 5 . As shown above, with increasing crack length, the sensitivity of the antenna sensor gradually increases, and this indicates that the antenna sensor is more sensitive for the identification of long cracks. When the crack length is 28 mm, the sensitivity values from the simulations and the tests are 29.37 MHz/mm and 24.12 MHz/mm, respectively. This shows that cracks in a steel structure with GFRP reinforcement can be detected using the antenna sensor with the sensitivity reported in [9] . The sensitivity errors in the numerical and experimental studies mainly originate in the antenna sensor manufacturing process, the welding performance of the feeders, and the crack machining accuracy. After a preliminary calibration process, the effects of these errors on the actual crack detection process are fairly small.
In order to further discuss the sensitivity of small scale crack length, a numerical simulation is adopted. The geometrical dimensions of the antenna sensors and material properties are set as the same with those in Table 1 ; the crack step length is 0.5 mm and the crack length variation range is from 0 mm to 4 mm. Figure 6 represents the offset of resonant frequency under small scale variation. Figure 6 indicated that the offsetting value under a variation value with 0.5 mm crack step length is larger than 0.15 MHz. As the accuracy of the Vector network analyzer can be 0.01 MHz, the resonant frequency's offsetting value of 0.15 MHz can be exactly identified, which indicates that the minimum crack variation value and minimum crack length are both smaller than 0.5 mm.
Based on the resonant frequency-crack length fitted equation represented in Figure 6 , the antenna sensor's sensitivity of small scale crack size can be obtained, as shown in Table 3 . It can be learned from this table that the sensitivity increases with the increasing of crack length, which agrees with the conclusion from Section 4.1. In Section 4.1, the sensitivity of a longer crack is significantly higher than that of a shorter crack, nevertheless, it still can be identified accurately.
The Influence of Crack Shape on Crack Detection
It is worth mentioning that the crack shape (including crack orientation) has an influence on crack detection. In order to discuss the detectability and accuracy, the influence of crack orientation was investigated. Figure 7 shows numerical models with different crack directions. In Figure 7 , the model parameters are all equal to those in Table 1 ; the crack length is 4 mm and the step size of θ, which represents the crack angle, is 15 • in this set of numerical simulations. The resonant frequency of different crack directions are extracted from the S 11 curve, as shown in Table 4 .
Sensors 2017, 17, 2394 8 of 17 Figure 6 indicated that the offsetting value under a variation value with 0.5 mm crack step length is larger than 0.15 MHz. As the accuracy of the Vector network analyzer can be 0.01 MHz, the resonant frequency's offsetting value of 0.15 MHz can be exactly identified, which indicates that the minimum crack variation value and minimum crack length are both smaller than 0.5 mm.
It is worth mentioning that the crack shape (including crack orientation) has an influence on crack detection. In order to discuss the detectability and accuracy, the influence of crack orientation was investigated. Figure 7 shows numerical models with different crack directions. In Figure 7 , the model parameters are all equal to those in Table 1 ; the crack length is 4mm and the step size of θ, which represents the crack angle, is 15° in this set of numerical simulations. The resonant frequency of different crack directions are extracted from the S11 curve, as shown in Table 4 . In order to identify crack direction, the identification index R can be defined by the following formula R = f 01 f 10 (7) Table 4 shows the R value of cracks with different directions. Table 4 indicates that when the crack angle increases, the resonant frequency f 10 increases, while the resonant frequency f 01 decreases, which indicates that the identification method proposed in this paper is still applicable for oblique cracks, and that the crack shape has no influence on the ability of the detection method proposed in this paper. Table 4 shows that the identification index R decreases with the increase of crack angle, which means the crack direction can be estimated by the value of R, therefore detection accuracy can be improved.
In order to investigate the influence of crack direction on detection sensitivity, based on the above-mentioned models, the crack angle θ is set as 30 • , the crack length is also studied by a parametric study and the crack step length is set as 4 mm, as shown in Figure 8 . In order to identify crack direction, the identification index R can be defined by the following formula (7) Table 4 shows the R value of cracks with different directions. Table 4 indicates that when the crack angle increases, the resonant frequency f10 increases, while the resonant frequency f01 decreases, which indicates that the identification method proposed in this paper is still applicable for oblique cracks, and that the crack shape has no influence on the ability of the detection method proposed in this paper. Table 4 shows that the identification index R decreases with the increase of crack angle, which means the crack direction can be estimated by the value of R, therefore detection accuracy can be improved.
In order to investigate the influence of crack direction on detection sensitivity, based on the above-mentioned models, the crack angle θ is set as 30°, the crack length is also studied by a parametric study and the crack step length is set as 4 mm, as shown in Figure 8 . It can be learned from Figure 8 that the results for oblique cracks are similar to those for straight cracks. The resonant frequency decreases with increasing crack length while the sensitivity of the antenna sensor increases with increasing crack length. When the crack length is 16 mm, the sensitivity of TM10 and TM01 are 3.84 MHz/mm and 9.14 MHz/mm, respectively, which indicates that the antenna sensor designed in this paper still has a high sensitivity for oblique crack identification. It can be learned from Figure 8 that the results for oblique cracks are similar to those for straight cracks. The resonant frequency decreases with increasing crack length while the sensitivity of the antenna sensor increases with increasing crack length. When the crack length is 16 mm, the sensitivity of TM 10 and TM 01 are 3.84 MHz/mm and 9.14 MHz/mm, respectively, which indicates that the antenna sensor designed in this paper still has a high sensitivity for oblique crack identification.
Influence of FRP Properties on Crack Monitoring
Influence of CFRP Conductivity on Crack Detection
In addition to GFRP, which is used in crack reinforcement on steel structures, CFRP is also frequently used in reinforcement applications. Due to the weak conductivity of orthotropic CFRP, it is necessary to analyze the effects of its conductivity on crack monitoring performance.
The numerical software that can be used to investigate antenna sensors includes High Frequency Structure Simulator (HFSS), ADS (advanced design system), and CST (computer simulation technology). However, it is not feasible to simulate the effects of a conductive substrate on the resonant frequency using numerical software. Therefore, an experimental investigation is performed to analyze the weak conductivity of CFRP in this work. To compare the results with those of previous GFRP tests, the shape and size of the antenna sensor used in this experiment were set to be the same as those used in the previous tests. The properties of the four layers in the "steel plate-CFRP-substrate-patch" configuration and the geometrical factors are shown in Table 5 . Orthotropic CFRP was used with its conductivity set at 10,000 S/m along the direction of the two perpendicular carbon fiber layers, while the conductivity in the thickness direction was 100 S/m. The samples are shown in Figure 9 , while the crack lengths that correspond to specimens M-C 0 to M-C 7 are 0 mm, 4 mm, 8 mm, 12 mm, 16 mm, 20 mm, 24 mm, and 28 mm, respectively. The experimental results are shown in Figure 10 . A through crack with 0.5 mm width was cut by EDM (electrical discharge machining) for specimens M-C 0 to M-C 7 with a 0.002 mm machining accuracy. 
Influence of FRP Properties on Crack Monitoring
Influence of CFRP Conductivity on Crack Detection
The numerical software that can be used to investigate antenna sensors includes High Frequency Structure Simulator (HFSS), ADS (advanced design system), and CST (computer simulation technology). However, it is not feasible to simulate the effects of a conductive substrate on the resonant frequency using numerical software. Therefore, an experimental investigation is performed to analyze the weak conductivity of CFRP in this work. To compare the results with those of previous GFRP tests, the shape and size of the antenna sensor used in this experiment were set to be the same as those used in the previous tests. The properties of the four layers in the "steel plate-CFRPsubstrate-patch" configuration and the geometrical factors are shown in Table 5 . Orthotropic CFRP was used with its conductivity set at 10,000 S/m along the direction of the two perpendicular carbon fiber layers, while the conductivity in the thickness direction was 100 S/m. The samples are shown in Figure 9 , while the crack lengths that correspond to specimens M-C0 to M-C7 are 0 mm, 4 mm, 8 mm, 12 mm, 16 mm, 20 mm, 24 mm, and 28 mm, respectively. The experimental results are shown in Figure 10 . A through crack with 0.5 mm width was cut by EDM (electrical discharge machining) for specimens M-C0 to M-C7 with a 0.002 mm machining accuracy. As shown in Figure 10 , a significant resonance frequency offset can still be obtained in the CFRP experiments. The experimental rules for CFRP are consistent with those of GFRP. The resonant frequency of the antenna sensor decreases with increasing crack length, and the two curves are parabolic in shape. The experimental results show that the dual-substrate antenna sensor designed in this paper is also suitable for crack monitoring in FRP-strengthened steel structures.
In Figure 10 , the resonant frequency of the CFRP specimen is shown to be higher than that of the GFRP specimen for the same crack length. This is because the relative dielectric constant of CFRP is As shown in Figure 10 , a significant resonance frequency offset can still be obtained in the CFRP experiments. The experimental rules for CFRP are consistent with those of GFRP. The resonant frequency of the antenna sensor decreases with increasing crack length, and the two curves are parabolic in shape. The experimental results show that the dual-substrate antenna sensor designed in this paper is also suitable for crack monitoring in FRP-strengthened steel structures.
In Figure 10 , the resonant frequency of the CFRP specimen is shown to be higher than that of the GFRP specimen for the same crack length. This is because the relative dielectric constant of CFRP is lower than that of GFRP. Based on Equations (1)- (3), this indicates that the resonant frequency decreases when the relative dielectric constant increases, which means that the fundamental resonant frequency theory of the dual-substrate antenna sensor proposed in this paper has been verified experimentally.
Sensors 2017, 17, 2394 11 of 17 lower than that of GFRP. Based on Equations (1) to (3), this indicates that the resonant frequency decreases when the relative dielectric constant increases, which means that the fundamental resonant frequency theory of the dual-substrate antenna sensor proposed in this paper has been verified experimentally. Figure 10 also shows that the resonant frequency offset obtained in the CFRP experiment is significantly smaller than the corresponding offset for GFRP. Due to the effects of the conductivity of CFRP, the sensitivity of the antenna sensor for crack monitoring in CFRP-strengthened steel structures is lower than that for GFRP-strengthened steel structures.
Influence of FRP Thickness on Crack Detection
In actual engineering applications of FRP-strengthened steel structures, the FRP thickness is a variable. In the dual-substrate antenna sensor with the four layer "steel plate-FRP-substrate-patch" configuration, the FRP thickness has a fundamental effect on the resonant frequency of the antenna sensor.
To investigate the influence of the FRP thickness on the crack monitoring performance of the antenna sensors, the parameters of two dimensions, i.e., the GFRP thickness and the crack length, were changed simultaneously using the HFSS software. Three-dimensional surface plots of "resonant frequency-GFRP thickness-crack length" characteristics were obtained, as shown in Figure 11 . Figure 11 shows that when the crack is relatively short, the antenna sensor's resonant frequency decreases with increasing FRP thickness; however, when the crack is relatively long, the resonance Figure 10 also shows that the resonant frequency offset obtained in the CFRP experiment is significantly smaller than the corresponding offset for GFRP. Due to the effects of the conductivity of CFRP, the sensitivity of the antenna sensor for crack monitoring in CFRP-strengthened steel structures is lower than that for GFRP-strengthened steel structures.
To investigate the influence of the FRP thickness on the crack monitoring performance of the antenna sensors, the parameters of two dimensions, i.e., the GFRP thickness and the crack length, were changed simultaneously using the HFSS software. Three-dimensional surface plots of "resonant frequency-GFRP thickness-crack length" characteristics were obtained, as shown in Figure 11 . lower than that of GFRP. Based on Equations (1) to (3), this indicates that the resonant frequency decreases when the relative dielectric constant increases, which means that the fundamental resonant frequency theory of the dual-substrate antenna sensor proposed in this paper has been verified experimentally. Figure 10 also shows that the resonant frequency offset obtained in the CFRP experiment is significantly smaller than the corresponding offset for GFRP. Due to the effects of the conductivity of CFRP, the sensitivity of the antenna sensor for crack monitoring in CFRP-strengthened steel structures is lower than that for GFRP-strengthened steel structures.
To investigate the influence of the FRP thickness on the crack monitoring performance of the antenna sensors, the parameters of two dimensions, i.e., the GFRP thickness and the crack length, were changed simultaneously using the HFSS software. Three-dimensional surface plots of "resonant frequency-GFRP thickness-crack length" characteristics were obtained, as shown in Figure 11 . Figure 11 shows that when the crack is relatively short, the antenna sensor's resonant frequency decreases with increasing FRP thickness; however, when the crack is relatively long, the resonance Figure 11 shows that when the crack is relatively short, the antenna sensor's resonant frequency decreases with increasing FRP thickness; however, when the crack is relatively long, the resonance frequency of the antenna sensor then increases with increasing FRP thickness. When the crack length increases, the resonant frequency of the antenna sensor gradually decreases. The resonant frequency offset becomes smaller with increasing FRP thickness; e.g., when the crack length propagates from 0 mm to 28 mm, the resonant frequency offset is 0.63119 GHz at a crack length of 0 mm, while the resonant frequency offset is 0.16045 GHz at a crack length of 2.5 mm.
Influence of FRP Thickness on Resonant Frequency
A series of crack detection experiments with various FRP thicknesses were designed to investigate the effects of the FRP thickness on the resonant frequency of the antenna sensor. As shown in Figure 12 , the different GFRP thicknesses corresponding to specimens MF 0 to MF 5 were 0 mm, 0.5 mm, 1 mm, 1.5 mm, 2 mm, and 2.5 mm, respectively. All the steel plates used in the specimens contained a crack with a length of 12 mm. After the glue solidified, the resonance frequency of each specimen was measured using a Vector Network Analyzer (VNA), as shown in Figure 13 .
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A series of crack detection experiments with various FRP thicknesses were designed to investigate the effects of the FRP thickness on the resonant frequency of the antenna sensor. As shown in Figure 12 , the different GFRP thicknesses corresponding to specimens MF0 to MF5 were 0 mm, 0.5 mm, 1 mm, 1.5 mm, 2 mm, and 2.5 mm, respectively. All the steel plates used in the specimens contained a crack with a length of 12 mm. After the glue solidified, the resonance frequency of each specimen was measured using a Vector Network Analyzer (VNA), as shown in Figure 13 . frequency of the antenna sensor then increases with increasing FRP thickness. When the crack length increases, the resonant frequency of the antenna sensor gradually decreases. The resonant frequency offset becomes smaller with increasing FRP thickness; e.g., when the crack length propagates from 0 mm to 28 mm, the resonant frequency offset is 0.63119 GHz at a crack length of 0 mm, while the resonant frequency offset is 0.16045 GHz at a crack length of 2.5 mm.
A series of crack detection experiments with various FRP thicknesses were designed to investigate the effects of the FRP thickness on the resonant frequency of the antenna sensor. As shown in Figure 12 , the different GFRP thicknesses corresponding to specimens MF0 to MF5 were 0 mm, 0.5 mm, 1 mm, 1.5 mm, 2 mm, and 2.5 mm, respectively. All the steel plates used in the specimens contained a crack with a length of 12 mm. After the glue solidified, the resonance frequency of each specimen was measured using a Vector Network Analyzer (VNA), as shown in Figure 13 . Figure 13 indicates that for a specimen with a 12 mm crack length, the antenna sensor resonance frequency decreases with increasing FRP thickness. The experiment results match the numerical result ideally, while the fitting coefficient of determination is higher than 0.95, meaning that the fitting results are reliable, and the resonant frequency shows a parabolic relation with the FRP thickness.
The resonant frequency-crack length relationships for the remaining crack lengths can be extracted from Figure 14 . Table 6 shows the polynomial fitting results for the relationship between the resonant frequency and the crack length.
The combination of the curve in Figure 14 and the polynomial fitting equation in Table 6 shows that the resonant frequency-crack length relationship curves intersect with each other at a point with a crack length of 17 mm. This indicates that when the crack length is less than 17 mm (approximately 3/5 of the patch width), the antenna sensor's resonant frequency then decreases with increasing FRP thickness; however, when the crack is longer than 17 mm, the resonance frequency of the antenna sensor increases, increasing FRP thickness. result ideally, while the fitting coefficient of determination is higher than 0.95, meaning that the fitting results are reliable, and the resonant frequency shows a parabolic relation with the FRP thickness. The resonant frequency-crack length relationships for the remaining crack lengths can be extracted from Figure 14 . Table 6 shows the polynomial fitting results for the relationship between the resonant frequency and the crack length.
The combination of the curve in Figure 14 and the polynomial fitting equation in Table 6 shows that the resonant frequency-crack length relationship curves intersect with each other at a point with a crack length of 17 mm. This indicates that when the crack length is less than 17 mm (approximately 3/5 of the patch width), the antenna sensor's resonant frequency then decreases with increasing FRP thickness; however, when the crack is longer than 17 mm, the resonance frequency of the antenna sensor increases, increasing FRP thickness. In Table 6 , via polynomial fitting of the resonant frequency-crack length relationship for the different FRP thicknesses, the coefficients of determination are all higher than 0.99, which indicates that these fitting results are reliable. Based on the polynomial equation that was fitted in Table 6 , the sensitivity of the proposed antenna sensor for the monitoring of cracks of different lengths under different FRP thicknesses can be obtained, which are shown in Figure 15 . Figure 15 shows that the sensitivity of the antenna sensor decreases gradually with increasing FRP thickness. For a crack with a length of 8 mm, the sensitivity of the antenna sensor is 7.13 MHz/mm when the FRP thickness is 0.5 mm, but when the FRP thickness increases to 2.5 mm, the sensitivity is reduced to 2.01 MHz/mm. For a crack with a length of 20 mm, the sensitivity of the In Table 6 , via polynomial fitting of the resonant frequency-crack length relationship for the different FRP thicknesses, the coefficients of determination are all higher than 0.99, which indicates that these fitting results are reliable. Based on the polynomial equation that was fitted in Table 6 , the sensitivity of the proposed antenna sensor for the monitoring of cracks of different lengths under different FRP thicknesses can be obtained, which are shown in Figure 15 . Figure 15 shows that the sensitivity of the antenna sensor decreases gradually with increasing FRP thickness. For a crack with a length of 8 mm, the sensitivity of the antenna sensor is 7.13 MHz/mm when the FRP thickness is 0.5 mm, but when the FRP thickness increases to 2.5 mm, the sensitivity is reduced to 2.01 MHz/mm. For a crack with a length of 20 mm, the sensitivity of the antenna sensor is 22.01 MHz/mm when the FRP thickness is 0.5 mm, but when the FRP thickness increases to 2.5 mm, the sensitivity is then reduced to 9.21 MHz/mm. 
Effects of Strain on Crack Monitoring
Under actual working conditions, FRP-strengthened steel structures may be affected by strain and cracking simultaneously. The results of Yi et al. [25] and Wang et al. [21] show that the strain can lead to a change in the size of the patch so that the resonance frequency of the antenna sensor is then shifted. Therefore, a study of the influence of strain on antenna sensors is highly valuable for accurate crack identification.
To discuss this issue, a strain measurement experiment was designed for the antenna sensor. The antenna sensors M1 to M7 were placed on the WDW-50E microcomputer controlled electronic universal testing machine to apply tension, as shown in Figure 16 . The universal testing machine was programmed to apply loads ranging from 0 με to 1000 με with increments of 200 με based on the cross-sectional areas of the specimens. When the tensile load is 18.480 kN, the corresponding microstrain and stress are 1000 and 210 MPa, respectively. This load is appropriate for the majority of Q235 steel working conditions. At each load increment step, there 
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To discuss this issue, a strain measurement experiment was designed for the antenna sensor. The antenna sensors M1 to M7 were placed on the WDW-50E microcomputer controlled electronic universal testing machine to apply tension, as shown in Figure 16 . The universal testing machine was programmed to apply loads ranging from 0 με to 1000 με with increments of 200 με based on the cross-sectional areas of the specimens. When the tensile load is 18.480 kN, the corresponding microstrain and stress are 1000 and 210 MPa, respectively. This load is appropriate for the majority of Q235 steel working conditions. At each load increment step, there The universal testing machine was programmed to apply loads ranging from 0 µε to 1000 µε with increments of 200 µε based on the cross-sectional areas of the specimens. When the tensile load is 18.480 kN, the corresponding microstrain and stress are 1000 and 210 MPa, respectively. This load is appropriate for the majority of Q235 steel working conditions. At each load increment step, there was a 60 s pause to measure the S 11 curve of the antenna sensor. The results of these strain experiments are summarized in Table 7 . Table 7 indicates that the antenna sensor's resonance frequency decreases with increasing strain. When the microstrain of the steel plate is 1000, the variation among the resonant frequencies of M 1 , M 2 and M 3 is only approximately 2 MHz. Based on the resonant frequency-crack length fitting relationship, when the crack length is 9.3 mm (which is approximately 1/3 of the patch width), a resonant frequency variation of 2 MHz corresponds to an increment in the crack length of 0.3 mm. However, when the crack length is 18.7 mm (or approximately 2/3 of the patch width), the resonant frequency variation of 2 MHz corresponds to an increment in the crack length of 0.1 mm. This indicates that the strain has only a tiny influence on the crack monitoring performance of the antenna sensors, and it can therefore be neglected during the crack monitoring process. 
Conclusions
In this paper, an antenna-sensor-based method for the monitoring of crack damage in FRP-strengthened steel structures has been studied, and the conclusions are summarized as follows.
1.
The antenna sensor can detect cracks in an FRP-strengthened steel structure. The resonant frequency decreases with increasing crack length, while the sensitivity of the antenna sensor increases with increasing crack length.
2.
The weak conductivity of CFRP interferes with the test signal, but the effective resonance frequency offset can still be measured. The dual-substrate antenna sensor designed here is also suitable for use with CFRP-reinforced steel structures.
3.
The FRP layer thickness has a significant influence on the antenna sensor's resonant frequency. When the crack length is less than 17 mm (approximately 3/5 of the patch width), the sensor antenna resonant frequency decreases with increasing FRP thickness. However, when the crack length is more than 17 mm, the antenna sensor's resonant frequency then increases with increasing FRP thickness.
4.
The sensitivity of the antenna sensor used to monitor the cracking of FRP-strengthened steel structure decreases with increasing FRP thickness.
5.
Strain has very little effect on the antenna sensor's ability to monitor cracking under the FRP coverage. 6.
The minimum crack size detected by an antenna sensor designed in this paper is less than 0.5 mm. 7.
In order to improve the sensitivity and robustness of the antenna sensor, it is necessary to strictly control the welding process or adopt wireless testing to avoid the instability caused by the SMA joint. The manufacturing accuracy of patch antenna sensors is also an aspect that needs to be improved.
Future Prospects
1.
High frequency antenna sensors will be more sensitive to crack identification, and we will design higher frequency antenna sensors in future work.
2.
The identification of multiple cracks by a single antenna sensor involves complex current distribution, which can be studied from the influence of multiple cracks on the antenna current path.
